The problem addressed in this paper is the through-life, non-destructive monitoring of corrosion and disbonding damages in airframes. The concept presented here is to produce a MEMS smart sensor consisting of a number of small, independent, wireless sensors within the structure of the aircraft. The MEMS smart sensor can be installed during repair and in particular when the specific platform goes through a complete tear down during the Life Extension Program (LEP). The sensors are permanently installed and can be permanently monitored and contain bond degradation sensing elements and CMOS circuits. Each sensor has an independent address and can perform measurements and communicate over a true 2-wire bus to an external interface unit. US ( 09/501,798) and international (PCT/US00/03308) patent applications have been lodged for this technology.
INTRODUCTION
The adoption of adhesive bond technology has been hampered by a lack of confidence in bonded components. This is largely due to the lack of a technique for determining the strength or integrity of a bonded joint in-service. Analatom's solution to this problem is to develop an Adhesive Bond Degradation (ABD) sensor consisting of a number of small, independent, wireless sensors that can be mounted within the adhesive bond-line. These sensors are sensitive to the condition of the metal/epoxy interface which is the principle locus of failure due to environmental degradation [1] [2] [3] [4] . A number of the ABD sensors would be included in any bonded repair or component to monitor the condition of the whole bond. The projected size of these devices (1mm 2 ) and wireless or minimal 2-wire interface will have no impact on the strength of the bonded joint that they are included in since other studies have shown that void densities of up to 17% have little impact on the strength of a bonded joint [5] . The projected area fraction taken up be the ABD sensors is less than 0.5%.
CONCEPT
The ADB sensors must be located within the bond-line of the adhesive joint with a minimal number of wires exiting the bond-line to ensure little impact on the bond strength by inclusion of the sensors. An adhesive bond-line can be as thin as 80µm, determined by the thickness of an internal adhesive support/spacer scrim or a non-conductive bead spacer or other material which is introduced to control the bond-line thickness. As a consequence the sensors must be fabricated to be less than 80µm thick and contain circuitry to make measurements and to communicate, in parallel with other sensors in the bond, on a minimum wire bus. This implies internal control circuitry, preferably CMOS for low power requirements, fabricated on wafers that can be back thinned to produce less than 80µm thick devices. Fig. 1 is a schematic of a smart bonded structure with an array of ABD sensors included in the bonded joint. In the case of metal bonded to metal the sensor chips have metal studs which contact both metal plates. All power and communications are through these connections so a truly wireless sensor can be implemented.
The concept can be adapted for composite plates bonded to metal and/or composite or honeycomb with the inclusion of either a) a radio frequency power and communications interface to drive the sensor and CMOS circuits or b) a two wire interface which would produce minimal disruption to the composite structure. In the latter case the sensors would be strung one after the other, connected in parallel, along the wires. A two wire interface could be implemented use flexible circuit material and is projected to be less than 50µm thick and 500µm wide. The focus here is on metal-to-metal repairs and components, bonded using thermoset epoxy film adhesives, which include a support carrier (and spacer) scrim. However, the sensors would be suitable for a wide range of adhesive systems. The sensing elements are designed to be sensitive to the changes in the local chemical environment at the metal-to-adhesive interface as the bond degrades.. 
Array of ABD

ADHESIVE BOND DEGRADATION SENSOR
The Adhesive Bond Degradation (ABD) MEMS sensor contains sensing elements which measure the conductivity between the sensor and the opposing metal plate and CMOS circuitry required for the sensor to be semi-autonomous. The sensing elements consists of metal studs mounted on both the top and bottom surfaces of a silicon chip. Some of the sensing elements are in contact with the metal plates and other studs are note in contact with the plates giving the sensor two modes of operation, viz.:
• A physical sensor which detects gross disbonding and poor bonding.
• A chemical sensor which detects bond degradation prior to complete loss of bonding.
The sensor detects gross disbonding or poor bonding by loss of electrical continuity for the elements initially touching the metal plate. This loss of continuity from a particular sensor indicates the loss of bonding at this point between the upper and lower plates. Sensing elements that are not initially connected to both the top or bottom plates act as chemical ion detectors.
These elements detect the buildup of metal ions between the stud and the metal plate due to chemical activity associated with water penetration of the bond and the degradation of the metal/epoxy interface which causes the loss of bonding.
The ABD silicon chip contains CMOS circuitry for control of the environmentally sensitive probes and the communications with the outside world. Fig. 2 is a schematic showing the CMOS functions that are implemented on the sensor. Power and data are provided on the same two-wire input. Data and Clocking is input serially by voltage shifts of the power supply voltage with level detectors and digital circuits to extract Hi and Lo logic levels and separate Data and Clock information. Separated Data is clocked into a shift register. The first data word corresponds to the address of the sensor that is to be interrogated. The second data word is a command word that tells the sensor what sensing element to measure, the current to use and instructs the sensor to output the voltage measured at the sensing element as a current superimposed on the power line. Some special command words perform internal calibration actions and an overall reset action. 
Figure 2. Schematic of CMOS circuit functions on the ABD sensor. Power and communications are provided through the Bus Power and I/O connection which are elements that contact the metal plates. One of up to 4 sensing elements for each side can be addressed and a selected current passed between the element and the plate. The voltage required to pass this current is converted to a current which is superimposed on the power and I/O bus.
The use of the Adhesive Bonding Corrosion Sensor requires the following steps:
• Initial bonding and inclusion of sensors to form a smart bonded structure.
• Interrogation of the smart bonded structure immediately after bonding using computer controlled hardware and a database to record the initial conditions of all of the sensors.
• The smart bonded structure is then interrogated by the computer controlled hardware and the database updated during regular maintenance schedules (relevant for aircraft) or continuously (if there are no weight or access restrictions). If there is a significant change in the readings from any sensor the maintenance technicians or operators are alerted and the location of the fault specified.
FABRICATION PROCESS
The key to the operation of the sensor is the fabrication of the metal studs on a silicon wafer containing CMOS circuitry. The studs are made by electroplating copper onto aluminum pads fabricated on the top and bottom surfaces of a silicon wafer. Plating onto aluminum can be difficult and trial electro-plating with a cleaning and plating technique modified for CMOS computability has been performed.
Sensing Elements.
The wafers incorporated a bus-bar system which connected similar sensing element pads on each sensor to a single contact finger at the edge of the wafer. In use in a bonded joint some of the studs must be high enough to contact the metal plates and others must be shorter. Thus different currents must be supplied to different sensing element pads for the sensors on the wafer to ensure that a set of sensing elements of different heights are fabricated on each sensor. Electroplating was performed using current control with a unit specially designed to provide 6 low current sources. Cu sensing elements were electroplated onto trial wafers using the following preparation technique: This process is adapted form a common technique used for electroplating bulk aluminum [6] . The major difference is the use of ZnO in NH 4 OH rather than NaOH since the Al being zincated here is very thin and a zincate from a NaOH solution would strip all of the Al.
Back Side Sensing Elements
The fabrication of the sensing elements on the front side of the wafer is relatively straight forward: standard Al pads produced by a normal CMOS process is all that is required. Fabrication on the backside however requires structures that will go from the front of the wafer to the back of the wafer. The process here uses Silicon On Insulator (SOI) wafers with a 20µm thick device layer, a 1µm oxide and a 500µm thick handle layer. Standard CMOS processing up to the end of the second metal is used with the exception that areas where bottom side sensing elements will be formed are clear to the bare silicon. The second metal oxide is patterned to form the mask for a tetramethyl ammonium hydroxide (TMAH) etch of the device silicon to the buried oxide layer (Fig. 4a) . At this point the accumulated oxides on the back side of the wafer are also removed. After etching a low temperature oxide (LTO) is deposited to insulate the walls of the TMAH etch pit. Thick resist is then deposited and patterned for a reactive ion etch (RIE) of the buried oxide and to expose pads and connections to the second metal layer (Fig. 4b) . Following the RIE a third metal layer is deposited and patterned (using thick resist again) to define the top and bottom sites for power and sensing elements. LTO is then deposited and patterned to form the top pads (Fig. 4c ). The back side is then patterned with large squares in the oxides deposited by two LTO steps and Si doped or pHcontrolled TMAH (which does not attach Al [7, 8] ) is used to etch through the handle wafer to the buried oxide layer to give a wafer with back side ribs of Si supporting squares of sensors (Fig. 4d) . After this both the top and bottom sensing elements are electroplated. 
Figure 4. Schematic of processing to form the pads for electroplating the bottom (and top) sensing elements: a) TMAH etch pit in front surface, b) deposit LTO to electrically isolate the substrate and RIE etch to form Vias to the second metal layer and cut through the buried oxide, c) deposit and pattern the third metal layer and deposit and pattern the top LTO layer and d)(lower scale diagram) pattern the backside oxide and TMAH (Si doped) etch to the buried oxide layer to expose the bottom third metal layer pads.
CMOS
The CMOS circuitry was fabricated using a standard CMOS process up to the second metal deposition, i.e. all of the CMOS critical steps will be done before construction of the sensor pads. The CMOS part of the sensors are eventually projected to be 1mm x 1mm and around 20µm thick. This will provide sensors small enough to be non-intrusive within the bonding process.
EXPERIMENTS AND RESULTS
Adhesion of Sensing Elements
A large amount of adhesive is squeezed out of the joint during cure due to the applied external pressure. This happens at low temperatures when the adhesive is still quite viscous and the shear forces developed may be great enough to dislodge the Cu sensing elements from the Al pads on the Si. The robustness of the Cu sensing elements plated onto Al pads on a Si chip during the cure cycle of a thermoset epoxy adhesive was tested. Specimens made using the technique above were bonded between a plate of Al and a plate of glass which had another plate of Al, with a hole located over the sensor area, bonded to it as follows:
• 2 Al plates 150mm x 150mm x 3mm, prepared as per the Australian Silane treatment [3] .
• 1 plate of glass 150mm x 150mm x 3mm.
• Cytec FM ® 300 and Cytec FM ® 300 U thermoset epoxy adhesive.
• Configuration: Al/FM300/Glass/FM300, FM300 U/Al.
The Cytec FM ® 300 had holes punched in it where the 4 test sensors were to be placed and Cytec FM ® 300 U (no scrim) was placed over the test sensors. The test sensors were in the middle of each edge, 15-20mm back from the edge. The sensors were placed in rebates in the bottom Al plate with plastic shims if required to ensure that the Cu studs would contact the glass. The upper plate had large holes so that the sensors could be seen during and after cure. The Cytec FM ® 300 was cured at 177°C for 90 minutes, with a heat up rate of 5°C/minute, in a vacuum bag, initial pressure 90mBar which fell to 60mBar during the run. After cure most of the Cu studs remained in place on the Si sensor chips (Fig. 3) . A few were removed during the bonding process. This implies that the adhesion between the Cu and Al is nearly good enough but needs some improvement. Another paper in this conference [9] details work to improve the adhesion of the sensing elements. 
5.2
Response of the Sensing Elements Sensing elements were laid up in a Boeing Wedge test (ASTM D3762-79, re-approved 1988) configuration using the Australian Silane treatment [3] , placed in 50 o C water and loaded at a constant slow rate [10] which ensures that the environmental degradation of the metal/epoxy interface is faster than the crack opening rate (Fig.4) . The voltage required to pass +/-100µA between the sensing element and the Al plate was measured every 4 hours after the specimen was immersed in water. The results in Fig. 5 initially show an open circuit until day 34 when the conductivity increases indicating the presence of ions at the interface. At day 36.5 the conductivity decreases until day 42 when the sensor again shows the presence of ions indicative of bond degradation due to water ingress up the metal/epoxy interface. At day 47 the conductivity is greatest and then starts to decrease a bit. This decrease is thought to be due in part to attack of the sensing element itself.
The high conductivity between days 34-36.5 and the return to lower conductivity between days 36.5-42 indicates the possible existence of two different mechanisms for producing ions at the metal/epoxy interface and/or a chemical reaction (with an approximate 2 day induction time) which then removes all ions and/or water in the process of the chemical reaction. The later could be due to the conversion of the pseudoboehmite like Al oxide/hydroxide interface to bayerite [11] . This reaction, which has an induction time of 15 hours at 60C, is a well known process that occurs to Al oxide/hydroxide surfaces in the presence of water and is considered by one of the authors to be the primary mechanism for the loss of bond integrity. Another process that is occurring in concert with any chemical degradation of the Al oxide/hydroxide is the dissolution of the silane coupling agent placed on the Al oxide/hydroxide during the pre-bond surface treatment [3] . The silane must be removed before the water can attack the Al oxide/hydroxide. One or both of these affects could result in a time when there are free ions (during silane dissolution and the induction time for the Al oxide/hydroxide conversion) leading to higher conductivity followed by a time when all available water is involved in the chemical conversion of the pseudoboehmite like Al oxide/hydroxide to bayerite leaving few free ions for conductivity. This might be the case in the water diffusion limited situation present with the bond-line with the chemical reaction proceeding faster than the diffusion of water to the reaction site. After the conversion is complete there will once again be free water to promote conductivity between the sensing element and the Al plate giving the large increase in conductivity from day 42 onwards.
The asymmetric behavior seen between the positive and negative currents (with the positive current giving higher magnitude voltages) is due to the electro-chemical formation of a (poor) copper oxide diode on the sensing element surface. The "noisy" nature of the signal is due to dynamic electro-chemical reactions, which are changing both the topologies of the sensor/Al system and the ion concentrations between the sensor and Al. More detailed studies are being performed to relate the nature and position in time along the graph above with the mechanical condition of the bonded joint. 
Constant Low Displacement
CONCLUSION
The ABD sensor is sensitive to the interfacial degradation products associated with the environmental degradation of adhesively bonded components. The current fabrication process for the sensing elements gives devices which are nearly robust enough to survive the adhesive bonding lay up and curing process: other work is in hand to address this problem. The ABD sensor has the potential to be located within aircraft structure to determine the state of bonded joints and give greater confidence in the application of bonding technology to secondary and primary structure.
